The p24 family of type I integral-membrane proteins, which are localised in the endoplasmic reticulum (ER) [1-3], the intermediate compartment and the Golgi apparatus, are thought to function as receptors for cargo exit from the ER and in transport vesicle formation [4] [5] [6] [7] . Members of the p24 family have been found in a molecular complex [8, 9] and are enriched in COPIcoated vesicles, which are involved in membrane traffic between the ER and Golgi complex [1]. Although expressed abundantly, simultaneous deletion of several family members does not appear to affect cell viability and protein secretion in yeast [8] . In order to gain more insights into the physiological roles of different p24 proteins, we generated mice deficient in the expression of one family member, p23 (also called 24δ δ 1 , see [2] for alternative nomenclature). In contrast to yeast genetics, in mice disruption of both p23 alleles resulted in early embryonic lethality. Inactivation of one allele led not only to reduced levels of p23 itself but also to reduced levels of other family members. The reduction in steady-state protein levels also induced structural changes in the Golgi apparatus, such as the formation of dilated saccules. The generation of mice deficient in p23 expression has revealed an essential and non-redundant role for p23 in the earliest stages of mammalian development. It has also provided genetic evidence for the participation of p24 family members in oligomeric complexes and indicates a structural role for these proteins in maintaining the integrity of the early secretory pathway. 
In order to disrupt the p23 gene, a targeting vector was designed to replace the first p23 exon (including the ATG start codon) with the neomycin-resistance gene. The strategy used is shown in Figure 1 . Breeding of heterozygous mice derived from two independent embryonic stem (ES) cell clones resulted only in wild-type and heterozygous offspring; no mice homozygous for the targeted p23 allele were detected. Instead of the expected 1:2:1 Mendelian ratio of wild-type:heterozygous:homozygous mice, we observed, from an analysis of over 400 genotyped mice, a 1:2.05:0 and a 1:1.93:0 ratio for progeny from the two independent ES cell clones, respectively. This indicates that the homozygous disruption of the p23 locus is lethal. To ascertain the stage of development at which p23 expression is required, we genotyped embryos at 7.5 days post coitus (dpc) and blastocysts at 3.5 dpc. No p23 -/-homozygous embryos or blastocysts could be detected amongst 60 embryos genotyped. In addition, we were unable to obtain any p23 -/-ES cell clones after transfection of p23 +/-heterozygous ES cells with a targeting vector containing a second selectable marker. These observations indicate that p23 is required very early in mammalian development and that it might be essential for cell viability. Heterozygous mice appeared grossly normal and did not show any obvious abnormalities when compared with their wild-type littermates.
Northern and western blot analysis of membrane preparations from p23 +/-mice Analyses of total membrane preparations from liver and kidney showed an approximately 70% reduction in the amount of p23 protein in p23 +/-mice compared with their wild-type littermates. In the same organs of the p23 +/-mice, the level of p23 mRNA was also decreased to a third (Figure 2a) , indicating that the disruption of one p23 allele led to the reduction of p23 mRNA, which was not compensated for by an upregulation of transcription from the untargeted allele.
Rehybridisation of the northern blot with the cDNA of GMP25 (p24α 2 ), a different p24 family member, showed that the level of GMP25 mRNA was identical in the p23 +/-and wild-type mice (Figure 2b) , suggesting that the disruption of one p23 allele and the resulting decrease in the mRNA level does not affect the transcription of related family members. Interestingly, however, the level of GMP25 protein appeared to be reduced to about the same extent as p23 in liver and kidney from p23 +/-mice compared with wild-type animals ( Figure 2b ). This was also the case for the p24 family member p26 (p24α 4 ; data not shown). These results indicate that the steady-state level of p23 determines the amount of at least two other p24 family members in the cell.
As primary mouse embryonic fibroblasts (MEFs) were used extensively in subsequent experiments we confirmed, by western blot analysis, that p23 +/-MEFs also showed reduced levels of p23 and GMP25 compared with MEFs from wild-type mice (Figure 2c ).
Structural changes in the Golgi apparatus of p23 +/-mice
In mammalian cells, the p24 family members accumulate in highest abundance in the early parts of the exocytic pathway, between the ER and the cis-Golgi network [1] [2] [3] . The Golgi apparatus comprises stacks of flattened saccules or cisternae and is surrounded by many vesicles of various sizes. Depending on cell type, the number of Golgi stacks varies. In hepatocytes, a Golgi stack typically contains 3-7 saccules, which are flat, dilated at the periphery and show a convex curvature.
Electron microscopy of kidney from p23 +/-heterozygous and wild-type mice revealed that saccules in p23 +/-mice were more dilated than in wild-type mice ( Figure 3 ). This effect was more prominent at the rim of the Golgi cisternae but the dilation was also detectable to various degrees throughout the whole cisternae. In addition, the numbers of vacuoles surrounding the Golgi appeared to be increased in p23 +/-mice. This dilation of the Golgi cisternae and the increased numbers of vacuoles were also observed in liver from p23 +/-mice (data not shown). 
Figure 2
Northern and western blot analysis of cells from p23 +/-mice. (a) Northern blotting with a p23 murine cDNA probe and western blotting with an antibody against the cytoplasmic tail of p23 indicated that the levels of p23 mRNA and p23 protein are reduced to one third in the liver and kidney of p23 +/-mice compared with their wild-type littermates. The intensity of protein and mRNA bands on western and northern blots, respectively, were quantified and compared using the 'NIH image' programme. (b) Northern blotting with a GMP25 murine cDNA probe showed that GMP25 mRNA levels are identical in wild-type and p23 +/-mice. In contrast, western blotting with an antibody against GMP25 showed an approximately 30% reduction in the amount of GMP25 protein in liver and kidney from p23 +/-mice compared with wild-type mice. (c) Western blot of wild-type and p23 +/-MEFs showed that the level of p23 and GMP25 is also significantly reduced in the p23 +/-MEFs compared with wild type.
Localisation of p23 and COPI coatomer in MEFs from wild-type and p23 +/-mice
Members of the p24 family are mainly localised to membrane structures that largely overlap with the vesicular coat complex COPI [1] [2] [3] . In MEFs prepared from p23 wild-type mice, a distribution of p23 and p26 consistent with this localisation was observed. The juxta-nuclear, Golgi-like region and distinct punctate structures distributed throughout the cell were stained with antibodies recognising either of these proteins (Figure 4) . In MEFs from p23 +/-mice, the number of p23-or p26-positive punctate structures was significantly reduced. Quantification showed that their number decreased from 56.7 per cell in wild-type MEFs to 11.8 per cell in p23 +/-MEFs (average of 12 cell counts, analysed by the IPLab programme; Figure 4) . The p23 and p26 juxta-nuclear Golgi staining appeared unchanged, however, when comparing p23 wild-type with p23 +/-cells. These results indicate that the diminution in p23 expression in MEFs from heterozygous mice might alter its distribution as well as that of other p24 family members. But, given that fluorescence is not linearly related to the concentration of fluorochrome, we cannot exclude the alternative explanation for the dramatic decrease of p23 in the p23 +/-MEFs, which is that weakly stained punctate structures containing only few p23 molecules become less easily detectable compared with strongly stained structures in which p23 is present in higher concentrations.
The antibody used to detect p23 recognises the cytoplasmic domain of p23, which is known to bind coatomer. Bound coatomer might therefore mask the epitope recognised by the antibody. The reduction of p23-positive punctate structures in the p23 +/-mice could therefore be because the relative decrease of non-coatomer-bound p23 is more prominent than the absolute reduction of p23. In p23 +/-mice, coatomer, which would be increased relative to p23, would bind available p23 and thus further deplete the steady-state levels of free p23. It is therefore possible that the reduction of p23-positive punctate structures is merely due to binding of coatomer, as only free p23 can be detected. Immunofluorescence with an antibody against p26 showed a very similar reduction of p26-positive punctate structures in p23 +/-mice. As p26 does not interact with coatomer, the epitope recognised by the anti-p26 antibody cannot be masked by coatomer. Nevertheless, p26-positive punctate structures were also reduced in p23 +/-mice. Given that p24 family members form oligomeric complexes [8] [9] [10] , it is likely that the number of p26-positive structures correlates with the number of p23-positive punctate structures, arguing against the notion that the reduced number of p23-positive punctate structures in p23 +/-mice is simply a consequence of epitope masking.
We have used gene targeting to provide novel insights into the function of mammalian p23, a member of the p24 family of ER and Golgi integral-membrane proteins. This strategy should permit the analysis of the functions of p24 proteins both in the whole animal and at a single-cell level, through the analysis of primary cell lines derived from mutant mice. Our data suggest that p23 is essential at the earliest stage of embryonic development in mice, as blastocysts deficient for both p23 alleles could not be detected. This conclusion is further supported by the failure to generate ES cell clones with two targeted p23 alleles and indicates that p23 might also be important for the formation of cell aggregates or even for single-cell viability. This is in strong contradistinction to experiments in yeast, where mutants lacking several p24 family members are viable and exhibit only minor secretory defects [4, 8] .
The p23 +/-heterozygous mice were viable, fertile and of normal size. In tissues derived from p23 +/-mice, the steady-state protein levels of several p24 family members were clearly diminished, however, although the respective mRNA levels were indistinguishable between p23 wildtype and p23 +/-tissues, excluding the possibility that the targeting strategy had indirectly affected the expression of these genes. This finding is consistent with the observation that p24 family member complexes have been identified in mammalian cells [9, 10] . Recent studies in yeast revealed that p24 family members function in a heteromeric complex because deletion of any single p24 family member compromised the stability of other family members [8] . We further provide evidence that the decreased level of p23 in p23 +/-mice compromises the Brief Communication 57
Figure 3
Electron microscopy of kidney from wild-type and p23 +/-mice. The left panel shows a section of kidney from a wild-type mouse. The saccules of the Golgi apparatus are flat, slightly curved and only slightly dilated at the rims, as indicated by the asterisks. The right panel shows a kidney sample from a p23 +/-mouse. Here, the morphology of the Golgi stacks is altered: the saccules are dilated, especially at the rims (asterisks), and an increased amount of surrounding vacuoles is observed (arrowheads).
structural integrity of the Golgi apparatus in liver and kidney and affects the subcellular distribution of p26, which indicates that p26 also forms part of a functional p24 complex, although it was previously found to be absent from complexes containing p23, p24 and GMP25 [10] .
In summary, this is the first report describing the analysis of mice deficient in the expression of a member of the p24 family of ER and Golgi proteins. It provides the first demonstration of the physiological importance of p23 in the whole organism and has revealed some insights to the function and structural roles of p23 in the early secretory pathway in mammalian cells.
Supplementary material
Supplementary material including additional methodological details is available at http://current-biology.com/supmat/supmatin.htm.
Figure 4
Subcellular distribution of p23 and p26 in wild-type and p23 +/-MEFs. Wild-type and p23 +/-MEFs were fixed and immunostained with antibodies against p23 or p26. A perinuclear Golgi staining is seen in wild-type and heterozygous MEFs stained with the anti-p23 antibody. In wild-type MEFs, peripheral vesicles are also positively labelled, whereas in p23 +/-MEFs, only very few of the peripheral vesicles are stained for p23. A very similar intracellular distribution is seen in both wild-type and p23 +/-MEFs stained with the anti-p26 antibody. In the p23 +/-MEFs, however, many fewer peripheral vesicles are positively labelled for p26 compared with wild-type MEFs and only the perinuclear staining is visible.
